We tested and compared the capability of multiple optical coherence tomography (OCT) angiography methods: phase variance, amplitude decorrelation and speckle variance, with application of the split spectrum technique, to image the choroiretinal complex of the human eye. To test the possibility of OCT imaging stability improvement we utilized a real-time tracking scanning laser ophthalmoscopy (TSLO) system combined with a swept source OCT setup. In addition, we implemented a post-processing volume averaging method for improved angiographic image quality and reduction of motion artifacts. The OCT system operated at the central wavelength of 1040nm to enable sufficient depth penetration into the choroid. Imaging was performed in the eyes of healthy volunteers and patients diagnosed with age-related macular degeneration.
INTRODUCTION
Optical coherence tomography (OCT) is a widely utilized imaging technique in ophthalmology, primarily for structural imaging of the retina, choroid and optic disc. Numerous studies have demonstrated its applicability in diagnosing disease, and monitoring the progression and effects of therapy. Clinically useful methods of functional OCT continue to be developed which aim to detect and visualize activity in various retinal layers and structures of the optic disc, as well as in the vascular systems supplying the retina.
Two distinct vascular systems are visible in the fundus of the eye: the retinal and the choroidal vasculature. The retinal vasculature is responsible for maintaining the constant inflow of nutrients and outflow of metabolic waste materials necessary for proper functioning of the inner retina. The choroidal vasculature plays a critical role in supporting the proper function of the photoreceptor cells and the retinal pigment epithelium (RPE). Disruptions in vascular structure and function may be a cause or result of developing ocular pathology. Specifically, degenerative disorders affecting the photoreceptor layer and the RPE (e.g., age-related macular degeneration -AMD) are closely related to pathological changes occurring in the choroidal layers (most notably: loss of choriocapillaris or neovascular changes). Imaging methods are required to enable detection and monitoring of the development of abnormalities in the choroidal vascular system, preferably in connection with changes occurring in outer retinal structures.
Imaging the choroidal vasculature in clinical settings is achieved with indocyanine green (ICG) angiography. It requires intravenous administration of this fluorescent dye and subsequent imaging with fundus photography or scanning laser ophthalmoscopy, with appropriate excitation illumination. OCT [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] may offer an alternative technique for imaging the choroidal layers noninvasively. To enable evaluation of the performance of the eye tracking system we simultaneously acquired real time stabilized SLO images, images with no stabilization and the eye tracking traces generated by the real-time cross-correlation algorithm performed in a local GPU graphics card 21 . We used the unstabilized images to perform post-processing image stabilization which calculated cross-correlations between 150 x 150 pixels regions of interest in the set of SLO images. We used the post-processed tracking results (stabilized images and tracking traces) as a reference for comparison with the real-time tracking results.
Swept sourc
As a measure of the eye tracking performance, we calculated the root mean square (RMS) of the intensity distribution in the average TSLO images, known in the literature as the RMS image contrast. The better the eye tracking performance, the higher the contrast of features visible in the images, and the higher the RMS value. To compare the results of the post-processing tracking and real-time tracking we calculated the relative change of the RMS contrast in the averaged SLO images normalized in the range [0, 1]:
OCT angiography imaging methods OCT angiography methods were applied to OCT data acquired in MB scan mode (multiple B-scans at subsequent vertical locations). This enabled calculations between B-scans required by the selected OCT angiography methods. The phase variance method calculates the variance of phase resolved OCT data 16 . The amplitude decorrelation method computes the magnitude of decorrelation between structural images 15 . The speckle variance technique analyses the variance of the intensity in the OCT structural images 23 . The details of the scan protocol are given in Table 3 . In our implementation of the split spectrum method the spectra were divided into 4 equally spaced, overlapping parts, each having half of the original full width at half maximum, i.e., the axial imaging resolution was decreased by about a factor of 2.
Data processing and visualization methods
After application of the OCT angiography algorithms the 3-D data were processed to enable en face visualization of the choroidal layers. The retinal pigment epithelium (RPE) was automatically segmented to provide data points for the surface-fitting algorithm which utilized Zernike polynomials to generate the best approximation of the RPE surface. The fit surfaces were used to flatten the images of the retina. En face projections were generated by depth filtering of the flattened 3-D OCT data with a Gaussian window and depth averaging. In the final visualization step we used ImageJ 25 software to reduce noise by removal of the bright outliers (Process/Noise/Remove outliers, radius 0.1, threshold 0), smoothen the images by Gaussian blur (Process/Filters/Gaussian blur, sigma radius 0.5), and adjust brightness and contrast (Image/Adjust/Brightness-Contrast).
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In In Figure 8 . decrease the RMS contrast however no severe decrease of image quality can be perceived by visual inspection. Although the occasional errors in the tracking system have little influence on the quality of the average SLO images, they introduce noise to B-scans in the OCT angiography data. In extreme situations when real-time tracking fails, the OCT angiography methods cannot be implemented due to high intensity and phase decorrelation noise of the OCT data. Nevertheless, real-time tracking can potentially reduce motion artifacts, notwithstanding frequently introduced artifacts due to torsional motion and reference frame errors.
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